Capillary electrophoresis is a common technique used for glycosaminoglycan-derived disaccharide analysis because of its high resolving power, high separation ef fi ciency, high sensitivity, short analysis time, and straightforward operation. CE coupled to laser-induced fl uorescence (LIF) detection shows an approximately 100 times higher sensitivity than traditional UV detection at 232 nm. 2-Aminoacridone (AMAC) is a widely used fl uorophore for labeling unsaturated disaccharides by deductive amination, which is one of the most important method of derivatization of disaccharides for CE-LIF detection. Outlined in this chapter is a protocol of analyzing glycosaminoglycan-derived disaccharides by CE-LIF with AMAC derivatization.
Introduction
(GlcNS), or unsubstituted (GlcNH), all of which can be 3-and/or 6-O -sulfonated; the uronic acid could be either glucuronic acid (GlcA) or iduronic acid (IdoA), both of which can be 2-O -sulfonated. For CS/DS, the hexosamine is N -acetylgalactosamine (GalNAc) and can be sulfated at 4-and/or 6-position, and the uronic acid could be sulfated at 2 position. Eight, commercially available, enzymatically prepared, HP/HS unsaturated disaccharide standards are described in Table 1 , and CD/DS disaccharide standards are described in Table 2 . De fi ning the structure of GAGs is an important factor in elucidating their structure-activity relationship. A common strategy for detailed structural analysis of GAGs involves either complete or partial depolymerization by either enzymatic or chemical means to obtain constituent disaccharides, for disaccharide analysis ( 6 ) . Modern separation techniques, including highperformance liquid chromatography (HPLC) ( 7 ) , gel permeation chromatography (GPC) ( 8, 9 ) , polyacrylamide gel electrophoresis (PAGE) ( 10 ) , and CE ( 11, 12 ) , have been applied to HP/HS and CS/DS analysis to help solve many complex structures.
Capillary electrophoresis (CE) is one of the most powerful techniques for GAG analysis because of its high resolving power, high separation ef fi ciency, high sensitivity, short analysis time, 
O straightforward operation ( 13 ) , and compatibility with a variety of detection methods, including MS, NMR, and LIF ( 6 ) . GAGderived disaccharides can be detected by CE with UV detector at 232 nm created by the unsaturated bond in nonreducing uronic acid residue, which has an extinction coef fi cient of approximately 5,500 M −1 cm −1 ( 14 ) . The addition of a fl uorophore can greatly change the chromatographic properties of GAG-derived disaccharides and increase the sensitivity when detected by both UV and LIF detector ( 16 ) . Reductive amination is one of the most frequently used derivatization method, and a number of labeling reagents have been applied to GAG analysis, such as 2-aminopyridine (2-AP), 7-aminonaphthalene-1,3-disulfonic acid (ANDS), 8-aminonaphthalene-1,3,6-trisulfonic acid (ANTS), and 2-aminoacridone (AMAC) ( 15 ) . AMAC is a neutral fl uorophore with λ exc = 428 nm and λ em = 525 nm, which has been previously used to HP/HS and CS/DS analysis ( 11, 12, (16) (17) (18) (19) (20) . By using AMAC as labeling molecule, sensitivity for detection of GAG-derived disaccharides is greatly enhanced, and resolution is also improved ( 15 ) . 
Prepare all solutions with HPLC-grade water (purchased from Sigma-Aldrich) and analytical-grade reagents unless indicated otherwise. Prepare and store all solutions and reagents at room temperature unless indicated otherwise.
1. HP/HS and CS/DS unsaturated disaccharide standards (see Note 1 ).
2. AMAC ( ³ 98%, Sigma-Aldrich). Store at −20°C. Cloning, E. coli expression, and puri fi cation of the recombinant heparin lyase I, II, and III from F. heparinum were performed in our laboratory as described (21) (22) (23) . These enzymes are commercially available (Sigma Chemical, Missouri).
Dimethyl sulfoxide (DMSO
Carry out all procedures at room temperature unless otherwise speci fi ed.
1. Lyophilize unsaturated disaccharide standards. 4. Run a series of disaccharide standard solutions of different concentrations. Draw calibration curve for HP/HS and CS/ DS (see Table 3 ).
1. Cut tissues into 2-3 cm square pieces. Wash tissues in PBS buffer to remove excess blood. Freeze-dry to remove excess water. 6. For every 1 mL of puri fi ed GAGs isolated above, add 4 mL methanol (methanol to make 80% of total solution). Mix well, place in 4°C fridge overnight. Centrifuge at 5,000 × g for 30 min and pour off supernatant to isolate precipitated GAG. 7. Isolated GAG is then desalted by dissolving in a minimal amount of water and dialyzed (against 1 L water for every 10 mg of GAG) or loaded onto a spin column (3 kDa MWCO) and washed with 5 column volumes of water.
Defat tissues using defatting solutions

Table 3 Linearity equations for AMAC-derivatized HP/HS and CS/D D-disaccharides
Disaccharide type Reference number Disaccharide
8. GAG samples (5 µ g) were incubated with the chondroitinase ABC (5 mU) and chondroitinase ACII (2 mU) at 37°C for 10 h. The enzymatic products were recovered by centrifugal fi ltration (30 kDa MWCO). CS/DS disaccharides, passed through the fi lter, were freeze-dried and ready for CE-LIF analysis.
9. The heparinase I, II, and III (5 mU each) were added into the remainder and incubated at 37°C for 10 h. The products were again recovered by centrifugal fi ltration (10 kDa MWCO), and the HP/HS disaccharides were similarly collected and freezedried and ready for CE-LIF analysis. ; peaks were identi fi ed by either coinjection or comparing with standard unsaturated disaccharide pro fi les. Presence of GAG-derivatized disaccharides was also proven by mass spectrometry. 
Unsaturated disaccharide standards of CS/DS (
∆ Di-0S: ∆ UA- GalNAc, ∆ Di-4S: ∆ UA-GalNAc4S, ∆ Di-6S: ∆ UAGalNAc6S, ∆ Di-2S: ∆ UA2S-GalNAc, ∆ Di-diS B : ∆ UA2S-GalNAc4S, ∆ Di-diS D : ∆ UA2S-GalNAc6S, ∆ Di-diS E : ∆ UA-GalNAc4S6S,
Notes
∆ Di-triS: ∆ UA2SGalNAc4S6S). Unsaturated disaccharide standards of heparin/HS ( ∆ Di-0S: ∆ UA-GlcNAc, ∆ Di-NS:
∆ UA2S-GlcNAc6S, ∆ Di-triS: ∆ UA2S-GlcNS6S) were obtained from SEIKAGAKU CORPORATION (Japan). Make 1 µ g/ µ L standard solution with HPLC-grade water and store at −20°C.
2. The reducing agent solution must be made fresh prior to use. 3. All solutions used for capillary electrophoresis must be fi ltered through a 0.22 µ m membrane fi lter and degassed before use.
4. Be aware that pH will change with temperature and buffer additives. This separation buffer is suggested by Militsopoulou et al. ( 11 ) . It is worth noting that below pH 4.0, the ionization of silanols is low and the electroosmotic fl ow mobility is insigni fi cant. So when conventional electrode polarity is reversed, negatively charged disaccharides are drawn to the anode only under the in fl uence of electrophoresis.
5. The coupling reaction between unsaturated disaccharides and the fl uorophore proceeds through reductive amination, which involves the reducing end of disaccharide and amine group of AMAC. 100-500 times of excess free AMAC tag is used to produce high derivatization yield.
6. The purpose to add NaBH 3 CN to reaction mixture is to stabilize the conjugate formed from reductive amination between unsaturated disaccharides and AMAC.
7. Under the suggested separation conditions, excess AMAC receives positive charge, which means that AMAC will not enter the capillary at reversed polarity mode. This is proven by injecting AMAC solution only into the capillary and applying the same separation condition. No peak is found in the electrophoregram.
8. Condition of capillary is critical to migration time of analytes and peak shape. Generally, new capillary will be washed with MeOH, 1 M HCl, 1 M NaOH, and operating buffer, with water fl ushing at each interval, until the baseline is good enough for analysis. After each day, the capillary should be washed with 1 M NaOH and water for 5 min and dried with air.
9. If necessary, defatting solutions may need to be fi ltered as they are removed to retain small tissue particles. As a general rule of thumb, use about 10-50 mL of each defatting solution for every 1 g of dry tissue weight; more can be used for fattier tissues.
10. Each column will have a max binding capacity, which will be the absolute amount of GAG the column can isolate; overloading the column will result in sample loss. The amount of each digested, fi ltered tissue to load onto each column should be based on the anticipated GAG content of the tissue which can be found in literature (typically on the order of 10-50 mg/g dry tissue).
